Several studies have demonstrated that maternal undernutrition or overnutrition during pregnancy can have negative consequences for the health of children born to these pregnancies, but the physiological mechanisms by which this occurs are not completely understood.
INTRODUCTION
The peptide hormone leptin was initially discovered as the missing factor in the Lep ob/ob mouse, which has a spontaneous mutation in the leptin gene and is therefore obese, hyperphagic, cold intolerant, and infertile [1] . Administration of leptin to these mice restored normal weights, raising the prospect that leptin could be a cure for obesity. However, it was soon found that serum leptin concentrations are generally proportional to body mass index, and most people who are obese are leptin resistant, with very high concentrations of circulating leptin [2, 3] . These findings gave rise to a different understanding of the function of leptin. It was proposed that leptin signals that fat storage is adequate and that loss of leptin, as occurs during fasting or sustained weight loss, functions to conserve energy [4, 5] . The characteristics of the leptin-deficient Lep ob/ob mouse-hyperphagia, reduced activity and metabolic rate, and a shut-down reproductive system-are adaptive in an individual who is undernourished, allowing him or her to conserve resources [4] .
We hypothesized that high concentrations of leptin would therefore disrupt the adaptive response to food restriction during pregnancy, specifically placental adaptations. We have previously found that in mice that are restricted to 50% of their normal food consumption from Days 0.5 to 11.5 of pregnancy, serum leptin concentrations decline significantly [6] . Similarly, in sheep, food restriction prevents the increase in serum leptin that occurs during normal pregnancy [7] . The placenta is directly exposed to maternal serum leptin, and leptin has been shown to influence multiple placental functions in vitro, including trophoblast differentiation [8] , hormone production [9] , trophoblast invasion [10] , and nutrient transport [11] . However, its role in the placenta in vivo, particularly in relation to changing nutrient availability, has not been characterized.
By midpregnancy, the placenta is responsible for the exchange of all nutrients and growth factors between maternal and fetal circulations, and is a major determinant of fetal growth. It has been proposed that the effects of early pregnancy nutrient restriction on fetal growth may be mediated by effects on placental growth and development [12, 13] . Thus, understanding the role of leptin in the response to undernutrition during pregnancy may be important in uncovering mechanisms of the developmental origins of adult health and disease. It has been shown that both maternal undernutrition and overnutrition during pregnancy can lead to obesity and other negative health consequences for offspring [14] . One of the earliest and clearest lines of evidence for developmental origins of adult health and disease is the Dutch Hunger Winter Study, in which men whose mothers were food restricted during early pregnancy, but not restricted during later pregnancy, had increased rates of metabolic and cardiovascular disease as adults [15] . This has been modeled in classic studies in the rat, in which food restriction during the first half of pregnancy results in increased offspring weights in adulthood [16, 17] . We have therefore chosen to focus on the effects of food restriction during this time period. We previously compared offspring from three groups of mouse mothers treated from Days 0.5 to 11.5 of pregnancy: controls, mothers that were food restricted, and mothers that were food restricted and given excess leptin. There was a reduction in body fat percentage in the male offspring of food-restricted mothers but not in the male offspring of restricted mothers treated with leptin. Female offspring of restricted, leptin-treated mothers were heavier, had higher body fat percentage, and were more glucose intolerant when fed a high-fat diet than offspring of control or restricted mothers [18] . Thus, the artificial presence of high leptin concentrations during food restriction was more deleterious to offspring health than food restriction alone, and it resembled the effects of maternal obesity. In the present study, we used the same three maternal treatment groups but analyzed placental morphology and gene expression at Day 11.5, the last day of the food restriction period, to begin to elucidate mechanisms by which offspring health is affected by altered maternal leptin concentrations.
MATERIALS AND METHODS

Animals
All animal procedures were approved by the University of Missouri Animal Care and Use Committee and were conducted in accordance with the National Institutes of Health's (NIH's) Guide for Care and Use of Laboratory Animals. Female Swiss Webster (ND4) mice, age 6-8 wk, were obtained from Harlan Laboratories or born at the University of Missouri to Swiss Webster mice obtained from Harlan, and they were individually housed at the University of Missouri. Mice were acclimated for 1 wk to AIN-93G diet for pregnancy and lactation (Research Diets) in a powdered, blue-dyed form presented in specialized dishes for weighing [19] . Average daily individual food consumption levels were determined during 10-14 days. The females were then introduced to Swiss Webster males, and the day in which a copulatory plug was detected was considered pregnancy Day 0.5. Females were returned to individual cages, and at Day 1.5 they were randomly assigned to one of three treatment groups: 1) ad libitum-fed controls (n ¼ 8), 2) food restricted to 50% of prior consumption levels (n ¼ 13), or 3) 50% restricted and given 1 lg of leptin per gram of body weight per day (n ¼ 12). Leptin (restricted þ leptin group) or saline (control and restricted groups) was given once daily at 1400 h via intraperitoneal injection. The leptin dose used was previously shown to reverse fasting-induced infertility in mice [4] . All groups were fed at 1600 h. Food intake was not measured during the treatment period. However, the restricted and restricted þ leptin mice were observed to consume all of the food provided. Mice were euthanized at Day 11.5 for collections. Blood was collected by cardiac puncture. The placentas from one horn (selected randomly) were used for morphology, and the other placentas were used for RNA collection. Tissue was not collected from sites of fetal resorption.
To test the effects of saline injection on serum leptin concentrations, blood was collected from 10 female Swiss Webster mice maintained on ad libitum feed via the saphenous vein. They were then restricted to 50% of their daily food consumption levels for 10 days, with either no further treatment (n ¼ 5) or daily saline injection (n ¼ 5). Blood was collected again on the 10th day for leptin measurement.
Placental Morphology
Placentas were weighed and counted, and then half of them were fixed overnight in 4% paraformaldehyde. Each of these placentas was sliced in half midsagitally and embedded in paraffin, with the cut-face down (RADIL). Three pairs of serial 5-lm sections were cut at 50-lm intervals from each placenta and were stained with hematoxylin and eosin. The largest face on each slide was chosen for morphological analysis. Overlapping images were photographed with a 43 objective lens on an Olympus IX81 microscope and assembled into a single high-resolution image covering the entire placental cross section. Total, junctional zone, and labyrinth zone cross-sectional areas were measured by manual outline with the freehand selection tool and area calculation feature of ImageJ software (NIH) by two independent operators blinded to treatment group. Cross-sectional areas were averaged for three placentas, selected randomly, from each mother, and mothers for which these were not available were excluded from analysis. Three frames per placenta, and two to three placentas per mother were photographed with a 403 objective for analysis of blood spaces. Maternal and fetal blood spaces were identified by the presence of nucleated (fetal) or enucleated (maternal) red blood cells, and were outlined with the freehand selection tool, followed by area determination with ImageJ.
Microarray Analysis
The remaining placentas from each mother were bisected, and one half was frozen in TriReagent (Sigma). Following homogenization and phase separation according to TriReagent instructions, the aqueous phase was further purified using the RNEasy Mini Kit (Qiagen) according to manufacturer's instructions for ''RNA cleanup.'' Samples from four mothers from each treatment group were analyzed by microarray. Each sample was obtained by pooling RNA from two placentas per mother, selected randomly. Preparation of cRNA, microarray hybridization, and scanning and statistical analysis were carried out by GenUs Biosystems. Mouse 4344 whole-genome arrays (design ID 026655; Agilent) containing more than 39 000 probes were scanned on an Agilent G2565 Microarray Scanner. Data were analyzed with Agilent Feature Extraction and GeneSpring GX v7.3.1 software. Genes were considered differentially expressed among pairs of treatment groups (control, restricted, and restricted þ leptin) with expression difference .150% or ,66.7%, P , 0.05. The functional annotation clustering feature of the DAVID Bioinformatics Resource (NIH) was used to identify significantly overrepresented biological pathways, structural domains, cell localization, or other meaningful commonalities among the differentially expressed genes.
Real-Time RT-PCR Analysis
RNA was reverse transcribed using Superscript III First-Strand Synthesis System (Invitrogen) with random hexamer primers according to the manufacturer's protocol. Real-time PCR was then performed using RT 2 SYBR Green ROX qPCR Mastermix (Qiagen) on an Applied Biosystems 7500 realtime PCR system. Primers (Integrated DNA Technologies) were designed using Primer Express software (Applied Biosystems/Life Technologies), except for Pdhb [20] and Tpbpa [21] primers, and were validated by performing serial dilutions of template. Primer sequences are shown in Table 1 .
Leptin Measurement
Terminal blood samples were collected from each pregnant mother by cardiac puncture. Serum was obtained by centrifugation of blood samples at 1000 3 g for 12 min. Leptin concentration was measured by Mouse Leptin ELISA according to the manufacturer's instructions (Linco/Millipore).
Oxidative Phosphorylation Complexes
Relative amounts of the mitochondria oxidative phosphorylation complexes I, III, and V were measured using the Milliplex Rat/Mouse Oxidative Phosphorylation Magnetic Bead Panel (Millipore), a multiplex antibody-based assay. Briefly, frozen samples of two placentas each from seven mothers per treatment group were homogenized in Cell/Mitochondria lysis buffer, and lysate protein content was assessed by BCA assay (Pierce) according to the microplate assay protocol. After plate washing, 10 lg of each lysate was loaded into each well, followed by incubations with microbeads, detection antibodies, and streptavidin-phycoerythrin according to the manufacturer's protocol. Washes were performed using the MAGx3 program on a Bio-Rad magnetic plate washer. After the final wash, beads were resuspended in 125 ll of sheath fluid, and the plate was read on a Bio-Plex 200 fluorescent bead reader (BioRad). 
Statistical Analysis
Dams were considered the experimental unit, such that fetal weights, placental weights, and placental areas were averaged for all pups within each mother to obtain n ¼ 1. Treatment effects were assessed by 1-way ANOVA using GraphPad Prism software, with Tukey posthoc test for pairwise comparisons. Bartlett test was used to assess homogeneity of variance, one of the assumptions for ANOVA. For analysis of placental weights by ANOVA, data were inverse transformed to overcome significant differences in variability among treatment groups. In the test of the effects of saline injection, a paired ttest was used to compare leptin concentrations before and after food restriction.
RESULTS
Maternal Characteristics
Whereas 94% of ad libitum-fed (control) dams remained pregnant after initial detection of a copulatory plug, approximately half of food-restricted and restricted þ leptin dams failed to maintain pregnancies through Day 11.5 ( Table 2 ). Those that maintained pregnancies after food restriction were, on average, heavier prior to pregnancy than those that aborted ( Table 2) . Two hours after the final leptin injection, serum concentrations in the restricted þ leptin group were significantly higher than in the other groups, which were not different from each other ( Table 2 ). Because we had previously found a highly significant decrease in serum leptin in food-restricted mice over the same time period [6] , we tested whether saline injections, which were used as a control for leptin injections in the current study, raise leptin concentrations. Leptin concentrations declined significantly from 7.1 6 1.9 ng/ml to 2.4 6 0.9 ng/ml after female mice were placed on food restriction for 10 days. However, when food restriction was accompanied by daily saline injections, the decline in serum leptin, from 9.9 6 2.0 ng/ml to 5.6 6 1.38 ng/ml, was not statistically significant.
Placental and Fetal Weights
There were no differences in litter sizes at Day 11.5 among treatment groups (Table 2) . Placental wet weights were significantly reduced in the restricted group, but the restricted þ leptin group was not statistically different from controls (Fig.  1a ). There was also significantly different variability across groups (Bartlett test P ¼ 0.0064), suggesting that food restriction limited the normal range of placental weights.
Placental Morphology
Placental morphology was first assessed by examining cross sections of three placentas from each mother (Figs. 1 and 2a) . At Day 11.5, total placental areas were significantly reduced in the restricted group relative to controls. In contrast to the effect of restriction on placental weights, which was reversed by leptin, the decrease in area was not modified by leptin injection (Fig. 1b) . The decrease in total area was the result of a highly significant decrease in the area of the junctional zone (P , 0.0001) in both restricted groups (Fig. 1c) . The proportionally smaller reduction in labyrinth area (P , 0.05) was consistent only in the restricted þ leptin group (Fig. 1c) . The relative proportion of the placenta occupied by the junctional zone was significantly decreased in both the restricted and restricted þ leptin groups (Fig. 1d) . In addition to this quantitative analysis, we observed an apparent reduction in the number of glycogen vacuoles within the junctional zone of placentas in the restricted and restricted þ leptin groups (Fig. 2) . The morphological observations were reinforced by gene expression data. In the microarray analysis, expression of Tpbpa, a junctional zone marker, was reduced in the restricted and restricted þ leptin groups relative to controls (Fig. 2e) , a result confirmed by real-time RT-PCR (Table 3) . Other junctional zone-expressed genes, Ascl2, Prl8a8, and Pcdh12, exhibited similar patterns of expression among treatment groups, although not all differed significantly (Fig. 2e ). There was a tendency for these genes to be less severely reduced in the restricted þ leptin group than in the restricted only group, and this corresponded to an observation of a less severe reduction in the number of glycogen vacuoles in the restricted þ leptin group. 1 . a) Average placental wet weights were determined for each litter (control, n ¼ 8; restricted, n ¼ 13; restricted þ leptin, n ¼ 12). Midsagittal sections were used to manually select and measure in ImageJ: crosssectional area (b), cross-sectional area of each major placental zone (c), and the ratio of junctional zone:labyrinth zone area (d). Control, n ¼ 7; restricted, n ¼ 5; restricted þ leptin, n ¼ 6. Bars with different letters are significantly different (Tukey multiple comparison test). All measures shown (placental wet weight, placental area, labyrinth area, junctional zone area, and ratio of junctional:labyrinth zone) differed significantly among treatment groups (ANOVA, P , 0.05).
LEPTIN AND THE PLACENTA DURING FOOD RESTRICTION
Maternal and fetal blood space areas were assessed in randomly selected areas of the labyrinth zone (Fig. 3) . There was significantly lower cross-sectional area of the fetal blood spaces in the food-restricted group compared with the restricted þ leptin group, and a numeric, but not statistically significant, reduction in restricted versus controls (Fig. 3a) .
Microarray Analysis
We analyzed changes in gene expression among placentas of the control, restricted, and restricted þ leptin mothers by whole-genome microarray (GEO accession no. GSE38095).
All possible pairwise comparisons were made to identify significant differences among groups (Fig. 4 and Supplemental Table S1 , available online at www.biolreprod.org). Selected individual gene expression changes were validated by real-time RT-PCR, along with related genes that were not shown to be differentially expressed by microarray (Table 3) . There were six different patterns of gene expression differences among the groups. The first pattern was of transcripts significantly upregulated or downregulated by food restriction but not affected by leptin treatment, which consisted of 87 genes (Fig.  4, yellow) . Conversely, 241 genes were significantly changed by leptin treatment but not affected by food restriction (Fig. 4,   FIG. 2 pink). Other changes induced by food restriction were either completely (25; Fig. 4 , cyan) or partially (169; Fig. 4 , green) reversed when the food-restricted mothers also were injected with leptin. An additional 188 genes were expressed differently between the restricted and restricted þ leptin groups (Fig. 4 , blue) but weren't different between controls and either restricted or restricted þ leptin groups. Finally, the pattern that accounted for the most gene expression differences (800; Fig. 4 , red) was that in which leptin injection exacerbated the effects of food restriction; these genes were expressed differently in the restricted þ leptin and control groups, with expression in the restricted group not significantly different from either restricted þ leptin or control. Thus, although leptin tended to reverse the effects of food restriction on the expression of 382 genes (Fig. 4 , cyan, green, and blue), it intensified the effects of food restriction on more than twice that number of genes (Fig. 4, red and pink) . To further analyze the observed gene expression changes, DAVID functional annotation clustering was used to identify pathways, physiological functions, cellular localization, or other meaningful commonalities among the regulated genes (Fig. 5) . Among the genes (yellow) that were upregulated or downregulated by food restriction compared with controls, but not different between restricted and restricted þ leptin mice, five clusters were identified as being significantly overrepresented (Fig. 5) . The most significant cluster, genes related to immunoglobulins during pregnancy, was dominated by members of the carcinoembryonic antigen family-genes encoding four CEA-related adhesion molecules (CEACAMS) and six pregnancy-specific glycoprotein (PSG) family members were downregulated by food restriction.
The top five functional clusters identified among the genes that were altered by restriction þ leptin, but not by food restriction alone (Fig. 4, pink) , are shown in Figure 5 .
Ribosomal genes were highly overrepresented among the leptin-upregulated genes, and a subset of these was related to RNA splicing and processing, the second most overrepresented cluster. Leptin also upregulated genes associated with intracellular transport, particularly RAS-RAN-associated nuclear export. The fifth cluster includes genes related to both ATP use and ATP generation, including components of the mitochondrial ATPase complex. Not shown in Figure 5 is a cluster related to glucose metabolism, with an enrichment score of 1.05. Leptin upregulated genes for glucose-6-phosphate dehydrogenase (G6pd2), the rate-limiting enzyme in the pentose phosphate pathway, and for an inhibitory subunit of protein phosphatase 1 (Pp1r2), the rate-limiting step in glycogen synthesis.
Among the genes that were differentially expressed between restricted and restricted þ leptin placentas, but not different between controls and either group (Fig. 4, red) , were key genes in glucose metabolism. Pdhb, the rate-limiting step for entry into the tricarboxylic acid cycle, trended higher in restricted versus controls (1.43-fold) and was significantly different between restricted þ leptin (1.66-fold) and controls, although this change was not detected by real-time RT-PCR (Table 3) . Pgm1, which can participate in either glycogen breakdown or synthesis, showed a similar expression pattern.
There were other similarities in the functional clusters identified among genes differentially expressed between the restricted þ leptin group and the restricted group (Fig. 4, red) or the restricted and control groups (Fig. 4, pink) . In both expression patterns, the two most significant functional clusters were related to ribosomes, and the fourth cluster for the red genes, translation initiation, also included several ribosomal protein genes. The fifth clusters in the two categories were also related, with mitochondrial ATPase components represented in each. 
LEPTIN AND THE PLACENTA DURING FOOD RESTRICTION
There were only 25 gene expression changes induced by food restriction that were completely reversed by leptin treatment (Fig. 4 , cyan, different in restricted vs. control and vs. restricted þ leptin). Thus, for functional clustering, these were combined with gene changes that were only partially reversed by leptin treatment (Fig. 4 , green, different in restricted vs. control, intermediate in restricted þ leptin). The most significant cluster, encoding membrane-inserted proteins, accounted for approximately half of the genes in the combined list (Fig. 5) . The next category identified by DAVID analysis was genes encoding proteins that contain the complement component C1q domain. The third category, cation-and metalbinding proteins, includes metalloproteinases and cation transporters, and it overlaps somewhat with the fourth category, which consists mainly of heme-binding proteins (Fig. 5) . These include Cyp17a1, the enzyme responsible for progesterone synthesis, which was decreased under food restriction but partially restored by leptin injection. Dio3, which inactivates thyroid hormone T4, was increased under food restriction, and this was reversed by leptin injection.
The final pattern of gene expression changes is of those significantly different between restricted þ leptin and restricted, but not different between controls and either restricted þ leptin or restricted (Fig. 4, blue) . The top annotation clusters for genes with this pattern were mostly different from the other leptin-regulated genes, and enrichment scores were not as high as for the other gene expression patterns (Fig. 5) . The third cluster contained only two genes, Eci3 and Acacb, which are nonetheless significant to lipid metabolism. Acacb, which encodes the rate limiting enzyme in fatty acid oxidation, was decreased in restricted þ leptin placentas versus restricted and controls.
Oxidative Phosphorylation Complexes
The microarray analysis indicates modestly higher expression of several mitochondrial oxidative phosphorylation components in the placentas of restricted þ leptin mice, including multiple subunits of ATPase synthase (complex V) and NADH-ubiquinone oxidoreductase (complex I; Fig. 5 and Supplemental Table S1 ). Therefore, the relative amount of each protein complex (I, III, and V) was assessed by multiplex immunobead assay. There were no significant differences among treatment groups (Fig. 6) . Additionally, the change in expression in Atp5c1 detected by microarray was not detected by real-time RT-PCR (Table 3) . 75th percentile) is indicated in the line graphs for each of the differentially expressed genes, with line colors corresponding to the Venn diagram (e.g., expression patterns of the 800 genes differentially expressed between control and restricted þ leptin placentas are shown with red lines). C) Clustering of samples based on genes differentially expressed in at least one of the three pairwise comparisons. In the sample key shown on the bottom: light blue, controls; blue, restricted; red, restricted þ leptin. In the tree: red, high expression; yellow, medium expression; blue, low expression.
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DISCUSSION
We designed a series of studies to determine the role of leptin depletion in the response to food restriction during pregnancy. We previously found that obesity and insulin resistance were increased in female offspring of restricted þ leptin-treated mothers relative to offspring of control mothers or mothers that were only food restricted [18] . Results of the present study are consistent with these findings from adult offspring. Although leptin treatment prevented a significant loss of placental weights and fetal placental capillary area during food restriction, it otherwise led to placentas that were more abnormal than those from mothers subjected to food restriction alone.
There were 281 genes differentially expressed between placentas of control and restricted mothers, but there were 1128 significant expression differences between placentas of control and restricted þ leptin-injected mothers. Among these changes, the most numerous (800) were for genes that were differentially expressed between controls and restricted þ leptin placentas but expressed at an intermediate level in restricted placentas. In other words, addition of leptin exacerbated effects of food restriction on expression of many genes.
Among genes whose expression was disrupted by leptin treatment, the most represented functional category was ribosomal genes, and other translation-related genes were also overrepresented. This finding is in agreement with a previous in vitro study that showed that leptin stimulates protein synthesis in a concentration-dependent manner in JEG-3 cells and human placental explants [22] . Although we did not see the same increase in Eif4e reported by Perez-Perez et al. [22] , expressions of Eif3j and Eif2c1 were significantly increased with leptin treatment. For many of the ribosomal and other translation-related genes, expression was significantly different between placentas of control and restricted þ leptin mothers, and was intermediate in the food-restricted-only group-not significantly different from either controls or restricted þ leptin. Thus, there was some tendency for food restriction alone to increase expression of these genes and leptin to exacerbate LEPTIN AND THE PLACENTA DURING FOOD RESTRICTION this response. Upregulation of a large number of ribosomal proteins was previously demonstrated in response to 24-h starvation on pregnancy Days 12-13 [23] . In that study, the increased ribosomal gene expression was accompanied by increased expression of genes encoding proteosome and ubiquitinylating factors, leading the authors to speculate that placental cells may use ribosomes as an energy source during food restriction in the process of autophagy, as yeast do [23] . We did not see the same evidence of proteasome upregulation, and although there was a modest increase in expression of genes for ubiquitin-conjugating enzymes Ube2e1 and Ube2w, ubiquitination was not a significantly regulated pathway overall. In previous studies, leptin has exhibited mixed effects on autophagy, with both leptin treatment and leptin receptor knockout leading to increased autophagy [24] . Although it is not clear whether the increase in large numbers of ribosomal proteins that we observed is indicative of increased protein synthesis, autophagy, or both, it is clear that food restriction is driving a small change in ribosomal gene expression that is exacerbated by leptin treatment.
Another area in which leptin treatment most altered gene expression was in mitochondrial genes, particularly those associated with oxidative phosphorylation. There were increases in expression of multiple components of complex I, NADH dehydrogenase; one of complex III, cytochrome c reductase; and multiple components of complex V, ATP synthase ( Fig. 5 and Supplemental Table S1 ). However, at the protein level, there were no significant differences in the amount of complexes I, III, and V, with if anything a tendency toward decreases in all three (Fig. 6 ). Nor was a change in Atp5c1 detected by PCR (Table 3) . Further work is needed to resolve the apparent discrepancy between the microarray and other results. There may be a shift in the relative expression of some subunits rather than in the total amount of the complexes, and we did not determine whether there were changes in activity of any of the complexes. A similar increase in transcription of mitochondrial genes related to oxidative phosphorylation was reported in the hypothalamus in response to leptin treatment during fasting [25, 26] . It has also been shown in rat muscle, where leptin and caloric restriction, but not leptin alone, increased mitochondrial oxidative phosphorylation genes [27] . This suggests that the combination of food restriction and high leptin results in a unique response not seen in normal physiological conditions of low energy stores/low leptin or high energy stores/high leptin, but its functional significance is not clear.
When analyzing placental morphology, we found evidence of adaptation to food restriction. Although the total areas of the placenta and junctional zone were smaller in the food-restricted groups than in controls, the labyrinth makes up a larger proportion of the placenta in the restricted groups. The labyrinth is the site of nutrient exchange between maternal blood spaces and fetal capillaries, and thus sparing this region may minimize the effects of nutrient restriction on fetal growth. Similar results were reported by Coan et al. [28] , who showed an increase on Day 16 in the relative size of the labyrinth zone in the lightest placentas in a litter relative to that in the heaviest placentas. This research group also showed that the area of the junctional zone, but not the labyrinth zone, was significantly reduced at Day 16 when dams were restricted to 80% of stagematched ad libitum food consumption [29] . The relative sparing of labyrinth zone area under nutrient restriction was not significantly altered by leptin.
The change in fetal blood space area was leptin dependent. There was a significant reduction in the cross-sectional area of fetal blood spaces in placentas from food-restricted mothers compared with those from restricted þ leptin mothers. Leptin is generally thought to be proangiogenic [30] , although it also has been shown to inhibit VEGF secretion by cultured human cytotrophoblast cells [31] . Our microarray analysis did not show changes in Vegf expression, and although expression of the receptor, Flt1, was significantly decreased in restricted placentas, it was similar in controls and restricted þ leptin placentas (Supplemental Table S1 ). Another class of genes associated with vascular remodeling whose expression was altered by food restriction was the pregnancy-specific glycoproteins [32, 33] , although these changes were not further altered by leptin treatment. One of the most overrepresented categories among gene expression changes caused by food restriction but reversed by leptin treatment was the complement component 1q (C1q) family. This includes C1qtnf6 expression, which was decreased in the food-restricted placentas, but not in the restricted, leptin-treated placentas, relative to controls. C1QTNF6 has been implicated in tumor angiogenesis [34] . Furthermore, mice that lack C1q have a pre-eclampsia/IUGRlike phenotype, with inadequate trophoblast invasion and incomplete vascular remodeling [35, 36] . Further study of the role of this pathway in placental angiogenesis is needed, but it may be associated with the morphological differences in fetal blood space that we observed.
We previously demonstrated that pregnant mice restricted to 50% of normal food consumption from Days 1.5 to 11.5 of pregnancy show a sharp drop in serum leptin concentrations (7.6 6 1.6 vs. 0.3 6 0.2 ng/ml) [6] , and thus we were surprised to find no difference in serum leptin between the control and restricted animals at Day 11.5 in this study. We reasoned that the only difference between the current and prior study was the addition of saline injections to both control and restricted groups that were given to control for leptin injections. This indeed prevented a significant decrease in leptin when we directly compared saline-injected and noninjected mice following food restriction, although there was a numeric decrease, unlike in the full study. Glucocorticoids, which are likely released in response to injection stress, have been shown to induce leptin expression [37] , although this may be blunted by fasting [38] . Because leptin was only measured at 2 h after injection, we do not know whether the saline injection affected leptin levels in a sustained way or only transiently. Leptin concentrations in food-restricted mice were, however, much lower than in the restricted þ leptin mice, still allowing us to identify effects of leptin during food restriction by comparing these two groups.
Overall, our findings suggest that elevated leptin disrupts the adaptive response to food restriction in the placenta. Placentas exposed to high leptin during food restriction had many more gene expression differences from controls than those that were only food restricted and showed less morphological evidence of adaptation to food restriction. Although the combination of elevated leptin and nutrient restriction does not occur naturally, this model allows us to separate out the effects of altered leptin concentrations from other factors that coexist with changes in leptin concentrations in normal physiology. By artificially increasing leptin during food restriction, we show the importance of low leptin in the normal physiological response to restriction. Conversely, by examining high leptin concentrations in the absence of obesity, we also uncovered effects of leptin that cannot normally be distinguished from other aspects of obesity. We have previously shown in this model that the female offspring of the mothers exposed to high leptin during food restriction resembled the offspring of obese mothers, which suggests that high concentrations of leptin are responsible for some of the SCHULZ ET AL. effects of maternal obesity on offspring [18] . In the present study, we identify changes in placental gene expression and morphology that occur in response to high leptin in the absence of obesity. Because the placenta is responsible for the exchange of all nutrients and growth factors between maternal and fetal circulations, and it is directly exposed to maternal leptin, it is likely to mediate the observed effects on offspring health [12, 13] . Further work will be needed to establish precisely how changes in fetal blood space area, junctional space area, translational machinery, etc. alter fetal development.
